Objectives: Our objective was to systematically review randomized, controlled trials of fluid resuscitation in animal models of uncontrolled hemorrhage and to explore potential sources of heterogeneity.
A n intervention that improved survival from hemorrhagic shock would prevent many premature deaths. Globally, it is estimated that approximately 3 million people die each year from hemorrhagic shock. Close to 2 million of these deaths are from injury and the rest are from maternal hemorrhage, ruptured aortic aneurysms, or esophagogastrointestinal hemorrhage. [1] [2] [3] Fluid resuscitation is frequently used in the management of patients acutely bleeding. The Advanced Trauma Life Support course, from the American College of Surgeons, suggests boluses of crystalloid and blood and early definitive treatment. 4 Maintaining an adequate perfusion pressure in this way is thought to assist tissue oxygenation and reduce the risk of short-and long-term organ failure and sepsis. Despite these recommendations, there is very little evidence from randomized, controlled trials. A systematic review investigating the timing or volume of fluid administration identified only five trials 5 and found no evidence to support early or larger volume fluid administration.
Much of the evidence for the type of resuscitation fluid came initially from research on animals. In light of the relative lack of human evidence of the effects of delayed or reduced volume resuscitation, a review of animal trials is valuable. We have previously argued that the application of systematic review methodology to animal experiments would allow a more objective appraisal of the research evidence than narrative reviews and, by increasing the precision of estimates of treatment effects, would reduce the risk of false-negative results. 6 Exploration of heterogeneity in meta-analyses of animal experiments has the potential to provide important insights into disease mechanisms and the extent to which the results of animal experiments can be generalized to humans. In this article, we use stratification and meta-regression to examine sources of heterogeneity in a systematic review of 52 randomized, controlled trials of fluid resuscitation in animal models of uncontrolled hemorrhage.
MATERIALS AND METHODS

Study Identification
We conducted electronic searching of MEDLINE and EMBASE to identify all unconfounded, randomized, controlled trials of fluid resuscitation in animal models of uncontrolled hemorrhage. Reference lists of included studies were reviewed and authors contacted to identify unpublished trials. The search strategy identified 3,193 records of potentially eligible trials. Two reviewers examined the titles and abstracts and 104 reports were retrieved in full. From these, 52 trials meeting the inclusion criteria (randomized, controlled trial of the timing or volume of fluid resuscitation in an animal model of uncontrolled hemorrhage) were identified in 43 articles.
7-49
Study Selection
Two reviewers applied the selection criteria independently and disagreements were resolved by a third.
Data Extraction
Two reviewers independently extracted information on the methods of randomization and allocation concealment, the type of injury, the type of intervention, the number of animals in each arm of the trial, and the associated number of deaths.
Prior Hypotheses Regarding Heterogeneity
The potential sources of heterogeneity considered were the animal species used, the risk of death in the control arm, the type of hemorrhage model, the volume of blood lost in the no-fluid trial arm, the type and volume of fluid infused, and the time at which mortality was measured. The same sources of heterogeneity were considered for the studies of hypotensive versus normotensive resuscitation, with the addition of the difference in the amount of fluid infused between the treatment arms also being considered. These data were extracted by one reviewer. Normotensive was defined as resuscitation aiming for a mean arterial pressure of 80 mm Hg or higher.
Statistical Analysis
Data were analyzed as risk ratios with 95% confidence intervals calculated using Review Manager version 4.1 and Metaview version 4.1 (Update Software, Oxford, United Kingdom). Risk ratios were used because they are more readily interpretable than odds ratios. A risk ratio of 0.8 when comparing mortality in an intervention group compared with a control group means that the intervention group had 20% less risk of dying than the control group. For example, if the normal risk of dying from a particular injury was 10%, the observed risk in the intervention group would be 8%. A risk ratio Ͼ 1 suggests an increased risk with the intervention. A risk ratio Ͻ 1 suggests a decreased risk.
Where there was no evidence of a significant difference between the trial results (heterogeneity), a weighted regression using a random effects model was used. 50 Where heterogeneity existed, it was explored with stratification and meta-regression. 50 Stratification was used to observe the effects of variables and assist with categorization of the hemorrhage models. Meta-regression was used to objectively assess the relative significance of the different variables. The aim of meta-regression is to relate the observed effect estimates to characteristics of the included trials. It is similar to other regression techniques where associations are sought between variables and the outcome of interest (e.g., socioeconomic status, smoking status, and life expectancy). This is performed for individual patients. Meta-regression does this, but at the level of the overall trial results. For example, it would be used to look at the association between the animal model used, the type of hemorrhage, and the observed risk ratio, taking into account the precision of the study. For this analysis, a random effects meta-analysis using an iteration method to provide restricted maximum likelihood measures was performed (STATA version 7, STATA Corp., College Station, TX; and the ado program by Stephen Sharp).
The numbers in each trial, the numbers dying, the unadjusted risk ratio, the 95% confidence interval, and the calculated weighting (based on the method described by DerSimonian and Laird 51 ) associated with each trial are presented. This is commonly called a Forest plot and usually includes a pooled overall risk ratio and confidence interval. The column heading n/N in the plots describe the number of animals dying in the specific arm of the trial (n) and the total number of animals in the trial (N).
RESULTS
Study Characteristics
The 52 randomized, controlled trials included a total of 2,039 animals (1,772 rats, 251 pigs, and 16 sheep) ( Table 1) . Mortality data were available for 50 trials, of which there were 39 trials in rats, 10 trials in pigs, and 1 trial in sheep. Two trials did not use anesthetic at the time of hemorrhage, 44 16 Only two trials described how the animals were divided into treatment groups (alternation). 46, 47 None described allocation concealment.
Fluid against No Fluid Resuscitation
There was a large amount of heterogeneity in the 44 trials comparing fluid and no fluid resuscitation ( 2 , 126.99; df, 42; p Ͻ 0.00001) (Fig. 1) . Stratification according to the type of hemorrhage model used explained some of the observed heterogeneity. The remaining heterogeneity was mainly in the tail resection models. Stratifying by where the tail was cut explained most of this. The observed heterogeneity was best reduced when considering the tail cutoff as Ն50% or Ͻ50%, leaving five categories of hemorrhage model (Fig. 2 ). An alternative was to order the studies by the reported blood loss in the control group. However, this did not explain the heterogeneity between trials (Fig. 3) .
Volume of hemorrhage in the control group, hemorrhage model, and risk of death in the control group were compared to identify which of these variables, relating to the severity of The Journal of TRAUMA Injury, Infection, and Critical Care Owens, 1995, 35 USA Not specified 20 immature Yorkshire swine. Swine were anesthetized, arterial and venous catheters were inserted. 25 mL/ kg blood was withdrawn during a 30-min controlled hemorrhage, followed by a 20-min uncontrolled hemorrhage from a 5-mm aortotomy.
Animals were randomized into three groups:
1. No resuscitation.
Standard resuscitation: Lactated
Ringer's infused to achieve and maintain 100% baseline cardiac index for 20 min.
3. Limited prehospital resuscitation: Lactated Ringer's infused to achieve and maintain 60% baseline cardiac index for 20 min.
In the intraoperative phase, intraoperative resuscitation was continued for 120 min using lactated Ringer's to achieve 80% baseline CI. Small animals (rats) Bilynskyj, 1992, 9 a,b,c,d,e, Brazil Not specified 120 male Wistar rats. The Journal of TRAUMA Injury, Infection, and Critical Care Israel Not specified 36 male Hebrew University rats. The rats were anesthetized and a midline laparotomy was performed. The ileocolic artery was identified and three of its major branches were incised longitudinally to induce uncontrolled intra-abdominal hemorrhage.
Animals were divided into three groups:
1. No resuscitation. 2. IV 0.9% saline 5 mL/kg at a rate of 0.4 mL/min.
3. IV 7.5% saline 5 mL/kg injected IV. Gross, 1990 20 Israel Not specified 94 male Hebrew University rats. The rats were anesthetized and a midline laparotomy was performed. The ileocolic artery was identified and three of its major branches were incised longitudinally to induce uncontrolled intra-abdominal hemorrhage. The rats were divided into two groups according to whether or not the abdomen was closed after induction of hemorrhage.
Rats in each of the two groups were divided into six groups:
1. Untreated. 2. 5 mL/kg 7.5% NaCl after 5 min. 3. 5 mL/kg 7.5% NaCl after 15 min. 4. 15 mL/kg 7.5% NaCl after 30 min. 5. 5 mL/kg 7.5% NaCl after 60 min. 6. 5 mL/kg 7.5% NaCl after 120 min. The Journal of TRAUMA Injury, Infection, and Critical Care Krausz, 1992b, 26 Israel Not specified 37 male Hebrew University rats.
Uncontrolled hemorrhagic shock was induced by 10% tail resection.
Animals were randomly divided into five groups giving 5 mL/kg 7.5% NaCl after: Israel Not specified 25 male Hebrew University rats.
Uncontrolled hemorrhagic shock was induced by 12% tail resection.
Animals were randomly divided into three groups:
1. Untreated. 2. 41.5 mL/kg 0.9% NaCl. 3. 5.0 mL/kg 7.5% NaCl.
Death within 4 h 1. Untreated, 4/13 2. 0.9% NaCl, 2/6 3. 7.5% NaCl, 6/6
Krausz, 1994, 28 Israel Not specified 16 male Hebrew University rats. Uncontrolled hemorrhagic shock was induced by transcutaneous tear of two branches of the ileocolic artery.
Animals randomly divided into two groups:
1. Untreated. 2. Saline (7.5%) 5 mL/kg after 10 min. 3. 5 mL/kg 7.5% NaCl after 10 min. 4. 7.5 mL/kg hydroxyethyl starch 6% after 10 min.
5. 15 mL/kg hydroxyethyl starch 6% within 10 min.
Death within 4 h Only cumulative death data reported Leppaniemi, 1996a, 31 USA Not specified 40 male Sprague-Dawley rats.
Uncontrolled hemorrhagic shock was induced by a 25-gauge needle puncture to the infrarenal aorta.
1. No resuscitation. 2. Lactated Ringer's 60 mL/kg at 1.5 mL/min.
3. 7.5% saline 5 mL/kg at 1.5 mL/min.
Death within 6 h 1. No resuscitation, 6/8 2. Lactated Ringer's 60 mL/kg at 1.5 mL/min, 2/8 3. 7.5% saline 5 mL/kg at 1.5 mL/min, 6/8
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Uncontrolled hemorrhagic shock was induced in anesthetized animals by a 25-gauge needle puncture to the infrarenal aorta.
Animals were randomly divided into six groups: 1. No resuscitation. 2. Lactated Ringer's 60 mL/kg at 1.5 mL/min and given at 2.5 min.
3. Lactated Ringer's 60 mL/kg at 1.5 mL/min and given at 5 min.
4. Lactated Ringer's 60 mL/kg at 1.5 mL/min and given at 10 min.
5. Lactated Ringer's 60 mL/kg at 3.0 mL/min and given at 5 min.
6. Lactated Ringer's 60 mL/kg at 3.0 mL/min and given at 10 min.
Death within 3 h 1. No resuscitation, 7/9 2. Lactated Ringer's 60 mL/kg at 1.5 mL/min and given at 2.5 min, 2/6 3. Lactated Ringer's 60 mL/kg at 1.5 mL/min and given at 5 min, 1/6 4. Lactated Ringer's 60 mL/kg at 1.5 mL/min and given at 10 min, 1/6
5. Lactated Ringer's 60 mL/kg at 3.0 mL/min and given at 5 min, 5/6 6. Lactated Ringer's 60 mL/kg at 3.0 mL/min and given at 10 min, 0/6
Marshall, 1997, 33 USA Not specified 32 male Sprague-Dawley rats. Uncontrolled hemorrhagic shock was induced by preliminary bleed of 3 mL/ 100 g followed by 75% tail amputation. Experiment comprised three phases: (1) prehospital phase with uncontrolled bleeding and resuscitation to either 40 or 80 mm Hg; (2) hospital phase with control of bleeding and resuscitation to a mean arterial pressure of more than 80 mm Hg; (3) a 3-day observation phase.
Animals were randomly divided into four groups:
injury, best explained the observed heterogeneity. The hemorrhage model produced the greatest reduction in the observed heterogeneity (between-study variance, tau2) from 0.295 to 0.081. This 73% reduction is compared with 27% for volume of hemorrhage in the control group and 56% for risk of death in the control group. Using hemorrhage model as the best indicator of severity of injury, animal species, volume of fluid administered in the intervention group, type of fluid administered, and follow-up time were considered for the meta-regression model. At each step, the variable that explained the most residual variance was incorporated into the model until the between-study variance was 0. Follow-up time and volume of fluid infused explained the remaining heterogeneity.
The crude stratum-specific pooled risk ratios changed a little when adjusted for the species used, the type of fluid infused, and the time at which the outcome was assessed ( Table 2 ). The adjusted pooled risk ratio of death in the fluid-resuscitated group versus the no-fluid group, for those animals with an injury to the aorta was 0.48 (95% confidence interval [CI], 0.33-0.71). The corresponding figures for less severe injuries (Ͻ50% tail resection, and other vascular injuries) were 1.86 (95% CI, 1.13-3.07) and 1.70 (95% CI, 1.01-2.85).
Normotensive against Hypotensive Resuscitation
There were nine trials comparing normotensive versus hypotensive resuscitation. The pooled risk ratio for hypotensive compared with normotensive resuscitation was 0.37 (95% CI, 0.27-0.52) (Fig. 4) . There was no evidence of heterogeneity (p ϭ 0.38; 2 , 8.58; df, 8) .
DISCUSSION
The effect of fluid resuscitation on the risk of death in animal models of uncontrolled hemorrhage appears to be related to the severity of hemorrhage. When hemorrhage is severe (injury to the aorta or Ͼ50% of the rat tail removed), fluid resuscitation reduces the risk of death; but when hemorrhage is less severe (injury to vessels other that the aorta or Ͻ50% of the rat tail removed), the risk of death is increased. This suggests that the risks and benefits of fluid resuscitation are finely balanced. For those animals with less severe injury, the potential risks of fluid resuscitation-increasing hydrostatic pressure and impaired clotting leading to increased blood loss and diluting the oxygen-carrying capacity of the blood-appears to outweigh the benefits of improved tissue perfusion and reduced tissue ischemia. The opposite seems to hold for the severest injuries. The effect of hypotensive resuscitation was to reduce the risk of death in all the trials. This suggests that using a lower than normal blood pressure as a guide to fluid resuscitation consistently reduces the risk of death regardless of the severity of injury. This could be by ensuring that the benefits of fluid resuscitation remain the same and reducing the potential risks. 
Limitations of the Systematic Review
The most fundamental limitation of this study is that the included trials involve animal models, and so the way they relate to real human injuries is unclear. Although the species used did not explain much of the heterogeneity between trials and the pooled risk ratios were adjusted for this, these results cannot necessarily be extrapolated to humans. These animal models do not reflect the complexity of multiple injuries or comorbidities and would not represent the quality of health care a human would experience in hemorrhagic shock. Equally, a wide variety of anesthetics were used, with only two articles directly comparing the effects of anesthetics on small numbers of animals. 9, 45 This was not a prespecified source of heterogeneity and so interpretation is difficult. Different anesthetics have different profiles of cardiovascular and respiratory depression. Depressing these reflexes is likely to result in worse shock for any given fluid infused, compared with a conscious animal or human. It is also likely to result in the need for more fluid to achieve a given fluid target. However, stratification by anesthetic suggested that it was not a major explanatory factor.
Because the outcomes were assessed within the first 3 days, care is required before extrapolating these results to long-term mortality. In humans, it is known that deaths from trauma occur over several weeks, with those dying after a couple of days dying of organ failure and sepsis. 4 A hypotensive resuscitation strategy could increase these deaths further. However, with improved critical care unit management of organ failure and sepsis, this might be less of a risk in humans. Where possible, data were extracted to be analyzed on an intention-to-treat basis. However, we cannot be certain how individual authors dealt with the issue of animals dying before fluid therapy was begun.
Results from the exploration of heterogeneity should always be treated skeptically. They are equivalent to subgroup analysis within a trial. The overinterpretation of such results needs to be carefully avoided. The results can, at most, be considered as interesting hypotheses for further trials rather than results in themselves.
We used a traditional meta-analysis for the presentation of the subgroup analyses in which individual studies have standard errors and these (together with the between-study variance for Fig. 2 ) are used to determine the study-specific weights. To deal with zeros, 0.5 is added where necessary.
The study by Bickell et al. in Figure 1 demonstrates the weakness of this approach. The results are 13 of 16 versus 0 of 8, giving a risk ratio of 14.29 (95% CI, 0.96 -213.68). The point estimate and upper confidence limit should be infinity, and this highly significant result should not have a confidence interval that encompasses 1. Therefore, the reported risk ratios and confidence intervals for the individual trials should be interpreted with caution where no deaths occurred in either the control or the intervention arm. However, this concern does not carry over to the pooled effect estimates.
Comparison with Human Systematic Reviews
To assess the applicability of an animal systematic review to humans, a comparison with the human literature is useful. A systematic review of randomized, controlled trials investigating the timing or volume of fluid resuscitation in humans provided no evidence to support early or larger volume fluid administration. 5 The advantage of this systematic review is that it reflects the available evidence in humans. The disadvantage is that it consisted of only five trials, two of which only reported coagulation data. Systematic reviews of other strategies to normalize the blood pressure in bleeding trauma patients all suggest that they could be harmful. 52 These results provide some reassurance that this animal systematic review may be applicable to humans.
Implications of the Results
This systematic review demonstrates that the effect of fluid resuscitation on the risk of death in animal trials depends on the severity of hemorrhage. If this is applicable to humans, results from fluid versus no-fluid resuscitation trials may be highly dependent on the exact nature of the injuries in the recruited participants.
A large number of people could potentially be saved if hypotensive resuscitation proved to be of benefit in humans. If it led to just a 5% absolute risk reduction (the animal studies demonstrated a 41% absolute risk reduction) from 20% to 15% and only 50% of the 3 million people dying each year from hemorrhagic shock could be resuscitated to a normotensive target, this would mean an extra 375,000 people per year could survive.
It seems a reasonable hypothesis that as the trials of hypotensive versus normotensive resuscitation gave consistent results, the same might occur with human trials as well. a Adjusted for resuscitation fluid used, time at which mortality was assessed, and the animal used.
The Journal of TRAUMA Injury, Infection, and Critical Care 
Fluid Resuscitation Strategies
Volume 55 • Number 3
The human systematic reviews suggesting potential harm of blood pressure normalization strategies add to the need for trials in this area. Discovering acceptable blood pressure targets in patients of different ages with different comorbidities that lead to long-term mortality and morbidity reduction could be useful.
